Information sources and search strategy
A literature search was performed in May 2016 on PubMed (MEDLINE) for studies which matched the eligibility criteria using the keywords, "bronchial artery embolization" OR "bronchial artery embolisation" OR "transcatheter embolization" OR "hemoptysis". An additional manual search of EMBASE as well as bibliographies of each included study was done to identify studies not covered by the PubMed search.
Final study selection
Using these search criteria, initially 221 articles were found. After exclusion of case series and review articles, we narrowed these down to 60 studies reporting the technique, efficacy, and outcomes of BAE in hemoptysis. We further excluded studies with less than 50 patients undergoing BAE, as we felt that the data obtained from these studies were not sufficiently conclusive or representative of the role of BAE in control of hemoptysis. While we did not intend to eliminate specific patient populations such as cystic fibrosis, pneumoconiosis, and malignancies from our search, studies dealing with these selective population groups had less than 50 patients and were thus automatically filtered out. We also excluded five studies whose full-texts were not available despite our best efforts. Finally, there were 22 studies (5) (6) (7) (8) (9) (10) (11) (12) (13) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) meeting the selection criteria for this systematic review. The search strategy is schematized in Fig. 1 .
Data extraction and analysis
We examined these studies for the indications of BAE, grades of hemoptysis, technique of embolization, technical success, immediate clinical success, recurrence rate of hemoptysis and complications (Table 1) . We also examined if there were any differences in the technique and efficacy of BAE in the studies published before and after the year 2010 (Table 2) . We did not attempt a meta-analysis due to the data heterogeneity and the lack of a consistent follow-up time periods in these studies.
Indications for BAE
The indications for BAE were available in all studies except by Lee et al. (22) . These indications have been summarized in Table 3 .
The two most common indications for BAE was control of hemoptysis due to active tuberculosis (TB) and post-TB sequelae comprising of fibrosis, bronchiectasis and aspergilloma. Several authors separately reported incidence of aspergilloma/mycetoma as it had prognostic implications (6, 7, 10, 16, (20) (21) (22) 26) . The incidence of aspergilloma in patients undergoing BAE varied from 5.6%-18% (15, 21, 26) . Other indications for BAE included malignancy, lung infections, inflammatory lung disease, pneumoconiosis, cystic fibrosis, sarcoidosis, and cryptogenic hemoptysis. Less common indications for BAE were chronic obstructive pulmonary disease, vascular malformations, Wegener's disease, Behcet's disease, hydatid cysts of lung, and congenital cardiac disease.
In contrast to TB/post-TB sequelae, malignances formed a small spectrum of the overall population with an incidence of 1%-12.9% (10, 20) . Also, since BAE works on the principle of selective embolization of hypertrophied bronchial arteries and nonbronchial systemic collaterals that get recruited secondary to chronic lung inflammation, bronchial artery abnormalities
Main points
• Bronchial artery embolization (BAE) is commonly performed for moderate-massive hemoptysis not controlled by conservative measures. Common underlying diseases include tuberculosis, bronchiectasis, and aspergillomas.
• The main difference in studies published before and after 2010 is more frequent use of superselective catheterization in the recent studies (thus decreasing complications) and use of polyvinyl alcohol particles /glue instead of gelatin sponge.
• Technical success and immediate clinical success of BAE is high; however, recurrence of hemoptysis may occur.
• Recurrence may be attributable to incomplete embolization, recanalization of previously embolized arteries, and recruitment of new collaterals due to underlying disease progression.
• Presence of nonbronchial systemic collaterals, bronchopulmonary shunting, aspergillomas, reactivation, and multidrug resistant TB are associated with higher recurrence rates, and hence concurrent treatment of underlying disease, if active, is important. PubMed and EMBASE search in May 2016 using keywords "bronchial artery embolization" OR "bronchial artery embolisation" OR "transcatheter embolization" OR "hemoptysis" and manual search of bibliographies of each included study for articles meeting the eligibility criteria were less common in malignancies. In a study by Goh et al. (19) , about one-third of patients with malignancies had no angiographic abnormalities compared with only 5% of patients with TB with normal bronchial angiography.
Unsurprisingly, there was a selection bias in the indications for BAE as the majority of published data was from Asia wherein patients with active TB and post-TB sequelae formed the majority of those undergoing BAE. In fact, a few studies reported the role of BAE exclusively in patients with active TB and/or post-TB sequelae (9, 18, 21, 25, 27) . On the other hand, malignancies, nontubercular mycobacterial infections, lung abscesses, vasculitis, and cryptogenic hemoptysis were Bronchial artery embolization in hemoptysis • 309 more common in studies published from Western population (8, 12) . In the study by Tom et al. (12) , which reported BAE experience in 69 patients from the United States, sarcoidosis and cystic fibrosis were the most common indications, comprising 36% of patient population while TB and post-TB sequelae formed only 8% of the patient population. Similarly, cystic fibrosis formed 16% of patients in the study by Fruchter et al. (9) compared with only 2% incidence of post-tubercular sequelae.
Grades of hemoptysis
Though hemoptysis was broadly graded as mild, moderate, and severe, there were differences in the definitions of grading in various studies. While some authors have used "major", "severe", and "massive" terms interchangeably, others specifically considered massive hemoptysis as life threatening. Furthermore, some authors emphasized that even a small volume of hemoptysis could flood the airspaces in diseased lungs, cause asphyxiation and thus be potentially life-threatening (27) . Few studies, instead of grading severity of hemoptysis, described whether BAE was performed in acute massive hemoptysis under emergent conditions or was performed electively for chronic recurrent hemoptysis (13, 22) . Also, the amount of hemoptysis was not quantified in two studies (11, 20) . These differences in the definition of severity of hemoptysis with respect to both the volume and duration of bleeding and the difference in timing of BAE (emergency/elective) made it difficult to directly compare the result of one study with another. For the purpose of this review, we have broadly defined hemoptysis as mild, moderate, and severe based on consensus definitions obtained from various studies.
Mild hemoptysis referred to hemoptysis of less than 100 mL/day or less than 50 mL/ episode. Moderate hemoptysis referred to hemoptysis of 100-300 mL/day or more than three bouts of hemoptysis of more than 100 mL/day in one week. Severe/massive/life-threatening hemoptysis referred to: a) hemoptysis more than 300 mL/day, b) hemoptysis of any volume leading to drop in hemoglobin (drop > 1g/dL) or hematocrit (drop > 5%) or respiratory failure (SPaO 2 , <60%), or hypotension (systolic blood pressure <90 mm Hg). Yoo et al. (26) and Woo et al. (6) used hemoptysis volume of 240 mL/day as cutoff between moderate and massive hemoptysis, while Chan et al. (23) termed hemoptysis more than 200 mL/day as massive or major hemoptysis. These have been clubbed together as moderate-massive hemoptysis for purposes of this review.
Using these definitions, in 18 out of 22 studies, BAE was performed for moderate to massive hemoptysis. Four authors (6, 10, 17, 25) also performed BAE for mild hemoptysis. The patients with mild hemoptysis formed 20.9%-60.7% of total sample populations (10, 17).
Preprocedure diagnostic workup
Both fiberoptic bronchoscopy (FOB) and CT angiography (CTA) are considered complementary for determining the cause and site of hemoptysis (3). However, preprocedural FOB was performed in only 10 studies, of which two studies were published before 2010 (6-8, 12, 13, 20, 22, 24, 26, 27) . Amongst the older studies, Swanson et al. (20) performed FOB in 90.7% of patients; lobar localization of bleeding site was possible in 65% and side localization in 10%, while FOB was unhelpful in 25%. Similarly, in a study by Lee et al. (22) , bleeding site lateralization was possible in 71%. In studies published after 2010, FOB bleeding lobe localization varied from 54% to 75% (6, 8, 26) . Agmy et al. (7) performed FOB in 82.5% of patients; lobar localization of bleeding site was possible in 74.5%, side localization in 15%, while FOB was not helpful in 10.5%.
Multidetector CT was done in eight studies and in 81%-100% of the sample patients in these studies (6-8, 13, 12, 20, 22, 25) . Seven studies performed only contrast-enhanced CT, while Agmy et al. (7) performed CT pulmonary angiography in 300 of 348 patients prior to BAE. CT bronchial angiography was not performed by any of these authors for delineation of bronchial arteries. Woo et al. (6) and Fruchter et al. (9) could localize site of bleeding in 91%, while Shin et al. (25) could identify cause of hemoptysis in 92% but site and lobe localization for bleeding were only 36.2% and 30.5%, re- spectively. Similarly, in the study by Agmy et al. (7), the cause of hemoptysis could be determined in 83%, while site of bleeding was seen in only 14.3%. Currently, there are no established recommendations regarding preprocedural FOB and CTA, and performing these procedures prior to BAE is an individualized decision depending on institutional availability. Also there is lack of data regarding the utility of these investigations prior to BAE in terms of decreasing BAE procedure time and improving outcomes of BAE. The American College of Radiology recommends doing a chest radiograph in the initial evaluation of all patients with hemoptysis, since it not only lateralizes the bleeding but also identifies the cause in majority of the cases (29) . CTA is the next most appropriate investigation in patients with significant hemoptysis (29) . CT is similar to bronchoscopy in localizing the bleeding but fares better in detecting the cause and lays down vascular roadmap for therapeutic interventions. Patients with massive hemoptysis may be directly taken for embolization or surgery without CT (29) .
Technique of BAE
The technique of BAE has been described under the following headings.
Route: All authors used the transfemoral route to access the bronchial circulation.
Agmy et al. (7) used transaxillary route in six patients, while Bhalla et al. (10) used transbrachial route in one patient in whom the aorta could not be negotiated due to tortuosity and underlying scoliosis. Agmy et al. (7) also performed pulmonary artery angiography in seven patients, in whom preprocedural CT pulmonary angiography showed pulmonary artery aneurysms secondary to Behcet's disease. In the study by Rabkin et al. (17) , pulmonary artery was responsible for 93% of recurrent hemoptysis after initial hemoptysis control was not achieved with BAE.
Flush aortogram:
Nearly all authors except three (8, 9, 19) performed prior flush aortograms to identify abnormal bronchial Bronchial artery embolization in hemoptysis • 311 and nonbronchial systemic collaterals. Shin et al. (25) did not perform aortogram in 57 out of 163 patients (35%) and the recurrence rate in the group without aortogram was significantly higher (P = 0.001).
The abnormal findings on angiography necessitating embolization included enlarged or tortuous arteries, hypervascularity, parenchymal blush, active contrast extravasation, bronchopulmonary shunting, artery-artery and artery-vein shunting. After identification of abnormal bronchial arteries or nonsystemic bronchial collaterals, selective catheterization of these vessels were performed prior to embolization.
Superselective catheterization: Superselective catheterization of abnormal arteries using microcatheters was almost routinely performed by all authors after 2010 except Pei et al. (8) and Fruchter et al. (9) . Amongst the earlier published studies, superselective embolization was notably performed in four studies (19, 20, 22, 23) . Superselective catheterization enabled bypassing anterior spinal arteries and catheterization of smaller, more distal, and torturous arteries; thereby providing better overall hemoptysis control and lesser risk of complications (6, 7, 10, 25) .
Culprit bronchial arteries: Bhalla et al. (10) found right intercostobronchial trunk to be the most common culprit artery; while in the other studies right bronchial and common bronchial were the most common culprit arteries (Table 4 ; Figs. 2, 3 ).
Nonbronchial systemic collaterals:
These were encountered and embolized in the first session in about 40%-62% of patients by various authors (6, 7, 9-12, 15, Ramakantan et al. (18) who did not attempt to search for or embolize nonbronchial systemic collaterals in the first session. In general, the search for nonbronchial systemic collaterals reduced rates of recurrence and lead to better overall hemoptysis control (27) . The intercostal arteries and internal mammary arteries were the most frequently embolized nonbronchial systemic collaterals (Table 4). Other collaterals included branches of subclavian artery, namely lateral thoracic, costocervical and cervicothoracic arteries and inferior phrenic arteries (Fig. 4) .
19-27). This was in contrast to
Technical success, i.e., the ability to cannulate and embolize all visualized abnormal arteries varied from 81% to 100% (6, 10, 12, 18, 20, 23) . Causes of technical failure included uncooperative patient or patient condition not permitting BAE, artery Embolizing agents: The choice of embolizing agents also evolved over the years. While older studies predominantly used gelatin sponge and a motley of other embolizing agents such as dura mater, macroaggregated human albumin, and hypertonic saline. Embolizing agents became more standardized over the years.
The most common preferred embolizing agent was polyvinyl alcohol (PVA; size range, 150-1200 μm) with most commonly used size being 300-500 μm. Studies published after 2010 reported use of wider range of PVA particles (150-1200 μm) compared with the limited 300-600 μm range used earlier. PVA was either used alone or in combination with other embolizing agents. Unlike gelatin sponge, PVA is nonresorbable and thus acts as a permanent occluding agent and is also available in a variety of sizes. The disadvantages of PVA include clumping within the microcatheter leading to more proximal occlusion and catheter blockage. It is also not advisable to use PVA particles less than 300 μm as these can potentially pass through broncho-pulmonary anastomoses which have a mean diameter of 325 μm and cause pulmonary infarcts (3). Three studies (7, 10, 27) , all published after 2010, also used PVA particles less than 355 μm for embolization and in all these three studies embolization was performed after superselective catheterization using a 3 F microcatheter.
Few authors also used microspheres in the size range of 100-900 μm and 250-1300 μm (9, 12) . Microspheres are hydrophilic and are more uniform in size compared with PVA and thus less prone for clumping within catheters (3).
Bronchial artery embolization in hemoptysis • 313 Liquid embolizing agents such as n-Butyl-2-cyanoacrylate (NBCA) were less preferred earlier as the primary embolizing agent due to the need for greater expertise and more chances of necrosis and other complications. However, Woo et al. (6) recently published a study comparing the safety and efficacy of NBCA versus PVA. In their study, 293 patients embolized with PVA were compared with 113 patients embolized with NBCA. There were no statistically significant differences in the technical and clinical success and complication rates between the groups. NBCA was associated with a better hemoptysis control rate in patients with bronchiectasis. Patients embolized with NBCA also experienced a higher long-term hemoptysis-free survival rate. This was attributed to lower same-vessel recanalization rate with NBCA than with PVA (6).
On the other hand, Shin et al. (25) found no significant difference in the recurrence rates in patients embolized with PVA (n=137) versus 26 patients embolized with gelatins sponge/coils. Swanson et al. (20) also used a variety of embolizing agents and found no association between the embolizing agents used and recurrence. However, the latter two studies had a lesser number of patients in non-PVA group for comparison and this may have contributed to the conflicting results.
In general, the choice of embolizing agent depends chiefly on operator preference and local availability. Coils provide more proximal occlusion compared with PVA, gelatin sponge, and liquid embolizing agents, and thus were used for embolization of pseudoaneurysms, arteriovenous malformations and nonbronchial systemic collaterals in combination with other embolizing agents (7, 9, 11, 13, 20, 22, (25) (26) (27) .
No data was available regarding procedure duration and radiation doses in any of these studies.
Outcomes of BAE
The outcomes of BAE were described in terms of: a) immediate clinical success, b) hemoptysis recurrence rates, and c) longterm hemoptysis control rates. Immediate clinical success referred to complete cessation or clinically significant reduction in hemoptysis within 24 hours of BAE or within the same admission, while recurrences were defined as clinically significant hemoptysis occurring after discharge, requiring either hospital admission, medical management, or repeat intervention either as bronchoscopy, repeat embolization or surgery. Recurrences were further divided into early recurrences within 2 weeks to 3 months of BAE and late recurrences occurring after 3 months.
The immediate clinical success of BAE varied from 70%-99% in various studies ( Table 1) . The hemoptysis recurrence rate was as high as 9.8%-57.5% in studies published after (Table 1) . Thus, there was no significant decrease in hemoptysis recurrence rate despite availability of improved hardware and permanent and more durable embolizing agents. This is not surprising as BAE essentially remains a palliative procedure to manage hemoptysis in patients with diffuse or bilateral lung disease or poor pulmonary reserve who are otherwise unfit to undergo surgery (3, 16) .
The median time for recurrent hemoptysis varied between 6 months to 1 year and the recurrence rate increased with time. All the studies with a long-term patient follow-up reported a reduction in cumulative hemoptysis control rate as shown in Table 5 . Fruchter et al. (9) observed that patients who achieved complete initial hemoptysis control or were hemoptysis free by 3 years had excellent prognosis and were less likely to rebleed. On the other hand, Goh et al. (19) observed that those who rebleed tend to rebleed, thereby requiring multiple repeat BAE sessions or surgery as a definitive management.
Early recurrences were attributed to technically inadequate or incomplete embolization due to lack of complete search for all offending vessels or inability to embolize all arteries including nonbronchial systemic vessels in the first session due to extensive collateralization. Late recurrences were attributed to recanalization of previously embolized arteries or recruitment of new arteries, especially nonbronchial systemic arteries, due to underlying disease progression (10, 17, 22, 23, 25) . While repeat BAE sessions helped in long-term hemoptysis control (19, 22, 23) , surgery remained the definitive treatment for hemoptysis intractable to multiple repeat embolization sessions and maximum medical treatment (9, 18) .
Certain angiographic features such as: a) presence of nonbronchial systemic collaterals, b) bronchopulmonary shunting, and c) incomplete initial embolization were significantly associated with higher recurrence rates (5, 12, 13, 22, 23) . While a higher recurrence rate has been reported previously in patients with pleural thickening more than 10 mm as it is associated with recruitment of nonbronchial systemic collaterals (30, 31) , none of the studies in this review observed a significant association between pleural thickening and recurrence.
The outcomes and long-term efficacy of BAE also varied according to the underlying disease. Recurrence rate was significantly higher in patients with aspergillomas and cavities (5, 15, 16, 21, 25, 26) . In the study by van den Heuvel et al. (21) , patients with aspergillomas formed 18% of patient population and were associated with an odds ratio of 5.1 for recurrent bleeding as compared to patients without aspergillomas. Similarly in the study by Shin et al. (25) , patients with aspergillomas formed 17.2% of patient population and were associated with a significantly higher recurrence rate (P = 0.015).
Active tuberculosis (TB), especially reactivation TB and multidrug resistant (MDR) TB were considered risk factors for recurrence. Lee et al. (22) observed a significantly higher recurrence rate and a shorter recurrence-free time in patients with active TB (P = 0.005). Similarly, in a study by Shin et al. (25) , the disease activity showed a statistically significant association; with recurrence being higher in patients with reactivation TB than active TB (P = 0.018). Hwang et al. (5) also observed a higher risk of rebleeding in patients with MDR TB than in patients with non-MDR TB. On the other hand, non-MDR TB was less likely to be associated with repeat episodes of bleeding due to the additive beneficial effect of antitubercular therapy in controlling the underlying disease (5, 9). Other risk factors for poor hemoptysis control included lung malignancy, cystic fibrosis, and idiopathic bronchiectasis (9, 24) .
Complications
The most common complications after BAE included transient chest/ back pain and dysphagia which were reported in 1.4%-34.5% and 0.7%-30%, respectively (6, 9, 11, 13, 15, 16, 18, (22) (23) (24) (25) (26) (27) . These figures were lower than those reported previously in older reviews and in studies with less than 50 patients (2, 3) . This can be attributable to the greater expertise and experience of the authors of larger studies. Postembolization syndrome comprising of fever, leukocytosis, and pain was another common, self-limiting complication seen in 1.7%-31% (6, 11, 23, 27) . Contrast media hypersensitivity, groin puncture hematomas, and femoral artery pseudoaneurysms at puncture site were also reported (5, 6, 9, 11-13, 20, 24-27) .
Vascular injuries such as vasospasm, dissection and perforation with wire or catheter were reported in 0.3%-13% (10-13, 20, 22, 23, 25, 27) . These vascular complications were usually asymptomatic and self-limiting but contributed to technical failure of BAE. In a study by Uflacker et al. (16) , there was transient occlusion of anterior tibial arteries in two patients due to reflux of gelatin sponge from aorta leading to transient claudication of foot.
Neurologic complications due to spinal cord ischemia leading to transient or permanent paraparesis or paraplegia occurred in 0.6%-4.4% (7, 9, 15, 18, 23, 24) . This was attributed to inadvertent embolization of spinal arteries arising from bronchial or intercostobronchial arteries. However, in two studies with incidence of paraparesis, spinal arteries were not visualized even on retrospective review of the digital subtraction angiography images (18, 21) . While some authors considered visualization of anterior spinal artery as a contraindication for BAE (9, 15) , superselective catheterization enabled safer embolization in most studies. The neurologic complication rates were similar for studies done both before and after 2010 with Fruchter et al. (9) reporting a 4.4% incidence of neurologic complications, comparable to the 2.7%-4.7% incidence in studies published before 2010 (9, 21) . Though Fruchter et al. (9) published their study in 2014, the BAE procedures were done between 1999 and 2012, with a majority of procedures done before 2010. The relatively high incidence of neurologic complications could be attributed to lack of performing superselective embolization. This could have led to reflux of embolic material into anterior spinal artery and subsequent neurologic complications.
Transient ischemia/ stroke and cortical blindness were described in 0.6%-2% (7, 23, 24, 27) and was attributed to manipulation of subclavian arteries or due to embolizing agents crossing bronchopulmonary anastomoses. Remy et al. (15) and Fruchter et al. (9) also encountered isolated cases of bowel necrosis and tracheal fistula due to inadvertent nontarget embolization, while Ramakantan et al. (18) also described 9 patients with transient referred pain to ipsilateral orbit during embolization attributed to stimulation of autonomic nerve fibers.
Conclusion
The key points and recommendations for BAE based on this review have been summarized in Table 6 .
The potential limitations of the review include strict inclusion criteria wherein we eliminated studies with less than 50 patients and hence did not analyze the efficacy and outcome of BAE in specific patient populations such as cystic fibrosis and pneumoconiosis. Also this review chiefly talks about embolization of bronchial arteries and bronchial collaterals for control of hemoptysis and does not discuss embolization in causes of hemoptysis secondary to pulmonary artery circulation or in pulmonary arteriovenous malformations.
In conclusion, BAE is a safe, universally accepted procedure for control of hemoptysis of varying etiologies. BAE can be safely performed under both emergent and elective settings. Although there have been technical refinements leading to improved technical and immediate clinical success rates of BAE, hemoptysis recurrence rates remain high. While recurrences can be successfully managed with multiple repeat sessions, BAE essentially remains a palliative procedure for management of hemoptysis in patients who are unfit to undergo more definitive treatments such as surgery. Table 6 . Essential take-home points on bronchial artery embolization • Most common indications for BAE include tuberculosis, post-tubercular sequelae, bronchiectasis, and aspergilloma
• Performed for moderate to massive hemoptysis not controlled by medical/conservative treatment or causing hemodynamic instability
• Currently no standard recommendations available on use of FOB or CTA prior to BAE.
• Flush aortogram should be performed prior to embolization to identify all abnormal arteries
• Superselective catheterization is recommended to ensure more distal embolization and to decrease complication rates
• Technical success of BAE varies from 81%-100%
• Agent of choice is PVA particles and particles should be chosen so as not to cross broncho-pulmonary anastomoses, which are about 325 μ in size. Glue (N-butyl cyanoacrylate) has been increasingly used in recent years
• Immediate clinical success of BAE varies from 70%-99%
• Recurrence rate varies from 12%-57% with no decrease in recurrence rates with time
• Recurrence attributable to a) incomplete embolization of all abnormal arteries b) recanalization of previously embolized arteries and c) recruitment of new collaterals due to underlying disease progression
• Presence of nonbronchial systemic collaterals, bronchopulmonary shunting, aspergillomas, reactivation, and multidrug resistant TB are associated with higher recurrence rates
• It is recommended to actively search for and embolize as many nonbronchial systemic collaterals in the first BAE procedure itself to decrease recurrence rates
• The median incidence of major complication is 0.1% (0%-6.6%) BAE, bronchial artery embolization; FOB, fiberoptic bronchoscopy; CTA, computed tomography angiography; PVA, polyvinyl alcohol; TB, tuberculosis.
